A genetic linkage between a conserved gene cluster (Nit1C) and the ability of bacteria to utilize cyanide as the sole nitrogen source was demonstrated for nine different bacterial species. These included three strains whose cyanide nutritional ability has formerly been documented (Pseudomonas fluorescens Pf11764, Pseudomonas putida BCN3 and Klebsiella pneumoniae BCN33), and six not previously known to have this ability [Burkholderia (Paraburkholderia) xenovorans LB400, Paraburkholderia phymatum STM815, Paraburkholderia phytofirmans PsJN, Cupriavidus (Ralstonia) eutropha H16, Gluconoacetobacter diazotrophicus PA1 5 and Methylobacterium extorquens AM1]. For all bacteria, growth on or exposure to cyanide led to the induction of the canonical nitrilase (NitC) linked to the gene cluster, and in the case of Pf11764 in particular, transcript levels of cluster genes (nitBCDEFGH) were raised, and a nitC knock-out mutant failed to grow. Further studies demonstrated that the highly conserved nitB gene product was also significantly elevated. Collectively, these findings provide strong evidence for a genetic linkage between Nit1C and bacterial growth on cyanide, supporting use of the term cyanotrophy in describing what may represent a new nutritional paradigm in microbiology. A broader search of Nit1C genes in presently available genomes revealed its presence in 270 different bacteria, all contained within the domain Bacteria, including Gram-positive Firmicutes and Actinobacteria, and Gram-negative Proteobacteria and Cyanobacteria. Absence of the cluster in the Archaea is congruent with events that may have led to the inception of Nit1C occurring coincidentally with the first appearance of cyanogenic species on Earth, dating back 400-500 million years.
INTRODUCTION
Cyanide is a potent poison. Yet there are more than 2000 species of plants, together with certain fungi and bacteria, that produce cyanide as a natural product (cyanogenesis) [1] . This would imply that there are microorganisms that are capable of degrading and returning the elements of cyanide back to the biosphere. While organisms that are able to use cyanide as a sole carbon and energy source have not been described, various bacteria that are able to use it as a sole nitrogen source have been [2] [3] [4] [5] [6] . In this case growth is generally thought to occur by way of ammonia formed as a cyanide-degradation product, which microorganisms universally assimilate as a nitrogen source. With one exception, there have been no reports linking bacterial growth on cyanide to any specific genes. The one exception is a report describing the essential requirement of a gene cluster known as Nit1C for growth on cyanide by Pseudomonas pseudoalcaligenes CECT5344 (Pps5344) [7] . The Nit1C cluster comprises seven genes annotated as follows: nitB, protein of unknown function (hypothetical); nitC, nitrilase; nitD, radical S-adenosylmethionine (SAM) enzyme; nitE, Gcn5-related N-acetyltransferase (GNAT); nitF, 5-aminoimidizole ribonucleotide (AIR)-synthaserelated protein; nitG, hypothetical; and nitH, flavin adenine dinucleotide (FAD)-dependent oxidoreductase (Fig. 1) . The cluster was originally discovered from searches performed on bacterial genomes for evidence of conserved genes surrounding nitrilase enzymes (E.C. 3.5.5.1) [8] . It exists in various proteobacteria and a few cyanobacteria and Gram-positives, but the breadth of its occurrence and phylogenetic status has not been fully scrutinized. Other than the Pps5344 study [7] and two reports [9, 10] specifically describing a role for the nitB gene in maintenance of the intracellular redox state in Synechocystis sp. PCC6803, no other communications describing a role for the cluster have appeared.
We became interested in Nit1C after discovering that the gene cluster was also present in Pseudomonas fluorescens NCIMB 11764 (Pf11764), a bacterium that we have studied extensively for its ability to utilize cyanide [11] [12] [13] [14] . Thus, the question of whether the cluster was also essential for the growth of Pf11764 on cyanide was of keen interest. Here we present evidence in support of this, and further show that the linkage between cyanide growth and Nit1C is not limited to bacterial strains Pps5344 and Pf11764, but extends to other bacteria that carry Nit1C. Details on the occurrence and structural organization of Nit1C across the 270 genomes in which it is found are provided, a hypothetical role for the cluster in conferring nitrogen provision from cyanide (cyanotrophy) is discussed and forces that may have favoured its evolution are further defined.
METHODS

Bacterial strains and growth conditions
The bacteria and plasmids employed in this study are shown in Table 1 . Bacteria were routinely cultivated on complex Lennox broth (LB) [Bacto tryptone : yeast extract : NaCl (10 : 5 : 5 in g l À1 )] [15] . In cases where the medium was supplemented with antibiotics, these were supplied at 50 µg ml À1 and 100 µg ml À1 ampicillin (Ap) for the Escherichia coli and Pseudomonas strains, respectively, and 20 µg ml À1 gentamycin (Gm). The Pseudomonas strains were also selected on Pseudomonas Isolation Agar (PIA; Difco). The principal antibiotic employed for the cultivation of the E. coli strains was Ap, provided at 50 µg ml
À1
. The standard minimal medium contained 67 mM KH 2 PO 4 (pH 7.0), 0.04 % MgSO 4 Á7H 2 O and 0.001 % FeSO 4 Á7H 2 O as described previously [16, 17] . Unless otherwise specified, glucose (10 mM) was provided as the sole carbon source and either ammonia (NH 4 Cl) (1 mM) (designated minimal medium) or cyanide was supplied as the sole nitrogen source. When cyanide was employed it was provided in the form of the metal complex, tetracyanonickelate (K 2 [Ni(CN) 4 ]) (TCN). Previous studies have shown that TCN is freely interchangeable with the free form of cyanide (provided as potassium cyanide, KCN), but has the advantage over the latter of being much easier to work with because it is less volatile and toxic [18] . Nobel (purified) agar (Difco) was employed as a solidifying agent in all cases for cells cultivated on minimal agar plates.
Procedure for exposing cells to cyanide and inducing Nit1C cluster functions Some years ago we discovered that when nitrogen-starved Pf11764 cells are exposed to cyanide during the late stationary phase enzymes that are necessary for cyanide degradation are induced [16, 19] . When they were applied to the induction of Nit1C cluster genes, the same conditions were found to be effective. Briefly, a single colony was inoculated from a 2-day-old LA agar plate to a culture flask containing minimal medium. This culture was allowed to incubate on a gyratory shaker (210 r.p.m.) at 30 C for 48 h, after which time a 10 % inoculum was transferred to a new flask supplied with the same medium. Following an additional 24 h incubation, KCN (0.125 mM) was added and 3 h later cells were collected and stored at À80 C until cell extracts were prepared. Fig. 1 . Structural organization of the Nit1C genes included in this study. The annotations are as follows: nitA, sigma (s 54 ) transcriptional activator; nitB, hypothetical; nitC, nitrilase; nitD, radical S-adenosylmethionine (SAM); nitE, Gcn5-related (GNAT) N-acetyltransferase; nitF, 5-aminoimidizole ribonucleotide (AIR) synthase; nitG, hypothetical; nitH, predicted flavoprotein monooxygenase. The cyanide-utilizing capability of P. pseudoalcaligenes CECT5344 has previously been described [7] .
Preparation of cell extracts
The procedures for breaking cells with a French press and recovering cell extracts (100 000 g high-speed supernatants) have previously been described [11, 12] . The cell extracts used for the recovery of RNA were prepared by adding 1.4 ml RNAprotect Bacteria Reagent (Qiagen) to 0.7 ml of culture. The mixture was vortexed briefly and incubated at room temperature for 5 min as recommended by the manufacturer before centrifugation for 10 min at 7650 g. If they were not used immediately, the cell pellets were frozen at À80 C prior to RNA extraction.
Protein analysis
The proteins in the cell extracts were analysed by standard SDS-PAGE (16 % total; 4 % cross-linking) using either a Mini-PROTEAN or a PROTEAN II xi (Bio-Rad) system and employing the procedure of Laemmli [20] . 
Assay of NitC nitrilase activity
NitC enzyme activity was assayed by measuring the rate of ammonia production from fumaronitrile (1,2-dicyanoethylene) as the substrate. The ammonia concentrations were determined either colorimetrically or enzymatically. For the former, reaction mixtures (30-100 µl) were supplied 10 mM fumaronitrile and cell extract (0.1-0.2 mg ml À1 protein) in 50 mM Na 2 HPO 4 -KH 2 PO 4 (Na-K) phosphate buffer (pH 7.0). Reactions were incubated at 30 C and at periodic intervals 5-10 µl of the reaction mixture was removed and the sample placed immediately into a solution containing 0.25 ml sodium phenate (2.5 g 80 ml À1 water, to which 7.8 ml 4 N NaOH was added in a final volume of 100 ml) and 0.115 ml water. This halted further enzymatic activity, and the colour of ammonia was then further developed by adding 0.375 ml 0.01 % Na nitroprusside and 0.375 ml 0.02 N HClO 4 , following the classical method of Berthelot as described by Fawcett and Scott [22] . The blue colour was allowed to develop for 30 min at room temperature, after which the absorbance was read at 630 nm. Quantification was achieved by constructing a standard curve and the Pseudomonas aeruginosa PAO1 Wound isolate [74] Pseudomonas putida BCN3 Isolated from cyanide enrichments [18] Paraburkholderia xenovorans LB400 Biphenyl and PCB degrader [59] Paraburkholderia phymatum STM815 Isolated from root nodules of tropical legumes DSM 17167 [75] Paraburkholderia phytofirmans PsJN Isolated from onion infected roots DSM 17436 [76] Klebsiella pneumoniae BCN33 Isolated from cyanide enrichments [18] Cupriavidus eutropha H16 Isolated from sludge DSM 428 [77] Methylobacterium extorquens AM1 Soil isolate DSM 1338 [78] Gluconacetobacter diazotrophicus PA1 5 Isolated from sugarcane roots DSM 5601 [79] Escherichia coli JM101 Host strain for phage cloning and sequencing [80] E. coli SM10 Mobilizing strain [29] E. coli SM1330 SM10 containing plasmid pGA2 This study samples were referenced against a blank sample containing protein only.
A second procedure was used to measure nitrilase activity spectrophotometrically by coupling its activity to glutamate dehydrogenase. For this purpose, the reaction mixtures contained the following (in 0.5 ml): 40 mM Na-K phosphate buffer (pH 7.0), 7 mM a-ketoglutarate, 0.4 mM NADH, 10 mM fumaronitrile, 12 U glutamate dehydrogenase (Sigma) and cell extract (~0.3 mg protein). Reaction rates were calculated after no change in the rate of NADH ("=6220 M À1 cm
À1
) disappearance was observed after successive replenishments. While this method has been applied to the assay of other metabolic ammonia-forming enzymes [23] , it has not, as far as we are aware, been used for assaying nitrilases.
Genomic and plasmid DNA preparation Genomic DNA was isolated from bacteria using the UltraClean Microbial DNA Isolation kit (MO Bio). Plasmid DNA from bacterial strains was prepared using the Wizard Plus Miniprep DNA purification system (Promega).
DNA sequencing and primer synthesis All DNA sequencing was performed by MWG Operon and the primers were synthesized by Invitrogen.
Detection of Nit1C DNA in laboratory isolates
The taxonomic disposition of the cyanide-utilizing isolates Pseudomonas putida BCN3 and Klebsiella pneumoniae BCN33, whose description was previously reported [18] , was further established by 16S rRNA sequencing. For this purpose, the corresponding DNA was sequenced (GenBank, accession numbers KY436368 and KY436369, respectively) following amplification with the universal primers 27F and 1492R (Table S1 , available in the online version of this article) [24] . Attempts to detect the presence of Nit1C in these strains involved targeting putative nitB and nitC DNA by PCR. In the case of K. pneumoniae BCN33, primer design (BCN33nitCF and NCN33nitCR, Table S1 ) was fashioned after nucleotides present in the nitC orthologue from K. pneumoniae CG34 (locus tag LV044). For P. putida BCN3, degenerate primers (BCN3nitBF and BCN3nitCR) were prepared based on conserved sequences revealed from a multiple alignment of nitBC sequences using CLUSTAL W2 [25] . This approach was necessary because, apart from P. putida BCN3, no other members of the taxid contain Nit1C.
PCR reactions were conducted according to the instructions accompanying Illustra PuReTaq Ready-To-Go PCR beads (GE Healthcare Life Sciences) for degenerate primers and Q5 Hot Start High-Fidelity 2Â Master Mix polymerase (New England BioLabs) for all other PCR reactions performed. The purified BCN3 nitBC PCR product isolated from gels was cloned into the pCR2.1-TOPO (Invitrogen), yielding the recombinant plasmid, pNitU, and transformed into One Shot TOP10 (Thermo Scientific) competent E. coli cells to produce strain TOP10BCN3. The pNitU plasmid, containing the P. putida BCN3 nitB-nitC region, and the purified nitC PCR product from K. pneumoniae BCN33 were then sequenced (the former using the standard M-13 forward primer), in each case yielding sequences with high homology to conserved nitB and nitC genes.
Construction of nitC Pf11764 deletion mutant
A deletion of nitC in Pf11764 was constructed by allelic exchange [26] . The two 1-kilobase regions surrounding nitC from Pf11764 were amplified by PCR in two separate reactions, the first containing primers KOupF and KOupR, and the second containing KOdownF and KOdownR (Table S1 ). This gave PCR products that contained the upstream and downstream regions flanking nitC, respectively. The above primers contained 5¢-extensions that were complementary to the ends of a PCR-linearized E. coli-Pseudomonas suicide vector plasmid, pEX18Gm [27] . The three purified PCR products then served as templates for plasmid construction by the Gibson assembly method [28] using a Gibson Assembly Master Mix (New England BioLabs). This fused the PCR products together to form the recombinant plasmid, pGA2, with the upstream and downstream regions of nitC inserted into plasmid pEX18Gm. Plasmid pGA2 was transformed into the mobilizing strain, E. coli SM10 [29] , to produce strain SM1330 by selecting on LA plates with Gm (20 µg ml
À1
) by standard methods [30] . The pGA2 plasmid was introduced into Pf11764 by bi-parental mating. Transconjugants were selected on Gm PIA plates, and this followed by counterselection on sucrose-containing (5 %) PIA plates to acquire the nitC deletion mutant strain of Pf11764, LJ41. Sequencing confirmed the in-frame deletion of nitC in LJ41, with the nucleotide sequence being deposited in GenBank under accession number KY442760.
Quantitative real-time RT-PCR Cells were prepared and stored for RNA isolation as described above. The frozen cell pastes were treated with 1 mg ml À1 lysozyme in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) for 10 min and total RNA was extracted using an RNeasy Mini kit (Qiagen) according to the manufacturer's protocol. Purified RNA was stored at À20 C until further analysis. RNA concentrations were determined spectrophotometrically on a NanoDrop 3300 fluorospectrometer (Thermo Scientific).
Quantitation of mRNA transcripts was performed with a Smart Cycler II (Cepheid) instrument using One-Step Ex Taq qRT-PCR kit (Perfect Real Time) (Takara Bio) with SYBR Green 1 dye (Thermo Scientific). The gene specific primer pairs used in this study for qRT-PCR are listed in Table S1 . The relative transcript levels in all samples were normalized using 16S ribosomal rRNA, the signal recognition particle subunit (ffh) and RNA polymerase sigma factor (rpoD), as constitutively expressed internal controls. The reactions were performed in duplicate for three independently performed experiments with 0.1 µg of total RNA and 0.2 µM gene-specific primers in each 25 µl reaction. The reaction mix was subjected to the following RT-PCR In silico analysis of Nit1C across bacteria To identify organisms containing the Nit1C gene cluster, multiple BLASTP searches were conducted. The NitB and NitC amino acid sequences from Pf11764 (accession numbers AKV08891.1 and AKV08892.1, respectively) were used separately as query sequences for an all-vs-all BLASTP search (E-value cutoff of 10 À70 ) of the UniProtKB database [32] , carried out within the webserver version of UniProt (http:// uniprot.org/blast) [33] . The BLASTP results obtained for both NitB and NitC were refined to organisms that contained both NitB and NitC (the minimum requirements for the Nit1C gene cluster were defined here as the inclusion of two cluster genes). False duplicate sequences, defined as multiple NitB sequences within the same organism with 100 % amino acid sequence identity, were also manually removed, resulting in 276 sequences. Further sequence analysis was performed using NitB sequences because nitB is exclusively found in the Nit1C gene cluster and NitB shows high sequence conservation at the protein level. The remaining 276 NitB sequences were aligned using CLUSTAL OMEGA (version 1.2.4) [34] and trimmed for quality by trim-Al (version 1.2) [35] . trimAI also removed spurious sequences prior to trimming using a column overlap score requirement of 0.75 with a sequence overlap of 80 % of the sequence length in a no-gap method. ProtTest (Linux GUI version 3.2) [36] was used to identify the best-fit maximum-likelihood model for the trimmed NitB protein sequence alignment. PhyML webserver (version 3.0) (http://www.atgc-montpellier.fr/phyml) [37] was used to construct a maximum-likelihood phylogenetic tree based on the NitB sequences using the Le Gascuel substitution model [38] with a gamma parameter (0.989), proportion of invariant sites (0.142) and four substitution rate categories. The tree searching was performed using SPR and NNI tree improvement with optimized topology and branch lengths [39] and a starting tree produced by BioNJ [40] . The aLRT SH-like method was used for the statistical branch testing [41] . The tree was visualized using the Analysis of Phylogenetics and Evolution (APE) package [42] in R [43] . The level of amino acid conservation was determined and visualized by constructing a sequence logo from the collection of the NitB sequences using the webbased application, WebLogo 3 (http://weblogo.threeplusone. com/create.cgi) [44] . The Nit1C genomic regions and the 270 organisms were catalogued through the NCBI nucleotide database using an in-house script and curated manually for quality.
RESULTS
P. fluorescens Pf11764 contains a Nit1C gene cluster Arrival at the complete genome sequence of Pf11764 (accession no. CP010945.1) using SMRT sequencing technology was previously reported [14] . A 7.736-kb gene cluster was identified on the genome based on homology to proteins encoded by Nit1C. The conserved genes form a putative operon with the following locus tags and annotations: nitB (B723_21860, hypothetical); nitC (B723_21865, nitrilase); nitD (B723_21870, radical SAM); nitE (B723_21875, GNAT); nitF (B723_21880, AIR synthase); nitG (B723_21885, hypothetical); nitH (B723_21890, FADdependent oxidoreductase). A regulatory gene [nitA, B723_21905, sigma (s 54 ) transcriptional activator, formerly annotated as fis-type] oriented on the same strand is found three open reading frames downstream of nitH, the last gene in the operon. Fig. 1 illustrates the structural organization of the Nit1C genes in Pf11764 and the other Nit1C-containing bacteria included in this study. Overall, the gene arrangement for the five bacteria shown is conserved, but Pf11764 is unique in that nitA is located downstream of the structural genes as opposed to upstream, as for the others. The genes immediately flanking the cluster are variable, but in the case of Paraburkholderia phymatum STM815 and Cupriavidus eutropha H16, the two genes located immediately downstream of the cluster (hypothetical and methylmalonyl CoA mutase) are the same in Pf11764. An additional gene annotated as a glycosyl transferase (transglycosylase) is found in P. phymatum STM815, Paraburkholderia phytofirmans PsJN, Methylobacterium extorquens AM1 and Gluconoacetobacter diazotrophicus PA1 5. A complete listing of all of the cluster arrangements for the 276 sequences, spanning 270 separate bacterial strains, is illustrated in Table S2 .
Nit1C cluster genes in Pf11764 are induced by cyanide Previous studies conducted with the cyanide-utilizing bacterium, Pps5344, showed that the Nit1C genes were induced by cyanide [7] . Related experiments were conducted with Pf11764 to determine whether the same was true for this case. Transcription studies showed that the level of mRNA for each of the nitB-nitH genes was approximately 1.2-to 2.2-fold higher in cells that had been cultivated on or in the presence of cyanide (Fig. 2) . To examine whether this translated to increased protein yields, the amount of protein derived from nitB-and nitC-encoded genes was assessed. In the case of NitB, the intensity of a band on gels corresponding to the putative protein gave an indication of the relative production yield, whereas for NitC the activity of the enzyme was measured. The historical context for experiments conducted on NitB deserve comment. Over 30 years ago it was reported [45] that cells of Pf11764 grown on cyanide contained a polypeptide (~18 kDa) that was absent from cells cultivated on ammonia. We obtained similar results for cells grown on minimal medium and exposed to cyanide (KCN), but not for unexposed cells (Fig. 3) . Because of its size, we hypothesized that the protein observed in this and earlier work [45] might correspond to NitB and succeeded in identifying it as such after extraction of the band from a gel, tryptic digestion and mass spectral analysis (mw 17 804 Da) (Table S3) . Consistent with the organization of genes in Nit1C as a putative operon, the level of NitC nitrilase activity was also expected to be higher in cells exposed to cyanide. NitC enzyme activity was measured with the dinitrile, fumaronitrile (trans-1,2-dicyanoethylene), provided as a substrate. Fumaronitrile was chosen for these purposes because previous studies with the purified NitC homologue from Synechocystis sp. PCC6803 (accession number BAA10718.1) [46, 47] showed it to be the best substrate among a number of nitriles tested. Thus, we rationalized that it would probably also be a good substrate for the Pf11764 enzyme. As shown in Fig. 4 , ammonia (a product of nitrile hydrolysis) did indeed accumulate in the reaction mixtures in a time-dependent manner when cell extracts from Pf11764 were incubated with fumaronitrile. Moreover, the rate of ammonia accumulation was substantially higher for cells that had been exposed to cyanide compared to unexposed cells (sp. act. 0.40±0.06 and 0.05±0.01 U mg À1 , respectively). Thus, as expected, the induction of NitB and NitC occurred in a coordinated manner. It should be mentioned that only one of the two available nitrile substituents in fumaronitrile was attacked. This is consistent with the data in Fig. 4 , which show that from the 10 mM fumaronitrile provided, approximately 10 mM ammonia was produced, even though the theoretical yield of ammonia could be expected to be as high as 20 mM, given that fumaronitrile contains two nitrile substituents.
A DnitC Pf11764 mutant is no longer able to use cyanide as the sole nitrogen source The elevated expression of Nit1C genes in response to cyanide gave strong reason to expect a connection to cyanide metabolism. However, to obtain evidence of the essentiality of the genes, a mutant strain of Pf11764 (LJ41) carrying an in-frame deletion of the canonical nitC gene was constructed and the effect on growth was determined. As shown in Fig. 5 , LJ41 was unable to grow, whereas the parent grew robustly, with the consumption of cyanide (TCN) occurring concomitantly with the increase in cell density. That the lack of growth on TCN by the mutant strain was due to its nitC deletion and not from a pleiotropic effect precluding The bar values represent the averages of the mean relative expression levels for induced versus uninduced cells based on the average of duplicated reverse-transcription reactions performed on total RNA from three independently grown bacterial cultures. The error bars correspond to the standard error. The mean relative expression levels of the target genes (Nit1C) were normalized to the levels of the housekeeping genes, namely, 16S rRNA, ffh and rpoD. growth in minimal medium was evidenced by retention of the ability to grow on ammonia (NH 4 Cl). As expected, the cyanide-exposed cells of the mutant contained no detectable NitC enzyme activity (Table 2) .
Other bacteria harbouring Nit1C also exhibit the ability to grow on cyanide as the sole nitrogen source The correlation between growth on cyanide and the occurrence of Nit1C in the established cyanide-utilizers, Pf11764 and Pp5344, gave us reason to think that other bacteria carrying the cluster might also have this ability. To test this hypothesis, we surveyed six other known Nit1C-carrying bacteria (P. xenovorans LB400, P. phymatum STM815, P. phytofirmans PsJN, G. diazotrophicus PA1 5, M. extorquens AM1 and C. eutropha H16), all of which exhibited growth (Table 2) . By comparison, bacteria lacking Nit1C exhibited no such ability. We anticipated discovering that our own cyanide-utilizing isolates (P. putida BCN3 and K. pneumoniae BCN33) would also contain Nit1C, which was confirmed by the nucleotide sequences obtained for recovered 450-and 240-bp PCR products, respectively, when primers designed to target nitB and nitC sequences were employed. The nucleotide sequences were deposited in GenBank under the following accession numbers:
Pseudomonas putida BCN3 (partial nitB), KY442758; Klebsiella pneumoniae BCN33 (partial nitC), KY442759. Thus, it was concluded that the gene cluster is also present in these bacteria as well. As further evidence thereof, elevated levels of NitC enzyme activity were detected in the two when exposed to cyanide (Table 2) .
Nit1C is sparsely found among members of the domain Bacteria
To identify organisms containing the gene cluster beyond those surveyed in this study, initial BLASTP searches were run using the amino acid sequences of NitB and NitC from Pf11764 to identify homologues in the UniProtKB protein database [32] (threshold E-value cutoff of 10 À70 ). As a result, 306 homologous sequences were returned for NitB and 4993 were returned for NitC. Of the 306 NitB sequences, 276 were found uniquely in organisms for which Nit1C homologues were also present. Furthermore, the corresponding nitB and nitC genes were typically localized within a recognizable Nit1C cluster across 270 different bacterial strains, 5 of which contained more than 1 copy whose sequences were detectably different (Acetobacter tropicalis, Frankia alni ACN14a, Gluconacetobacter sp. SXCC-1, Komagataeibacter intermedius AF2 and Paraburkholderia terrae BS001). Notably, all of the 270 Nit1C-harbouring bacteria fall into the domain Bacteria, for which a constructed phylogenetic tree is shown in Fig. 6 (fully detailed in Fig. S1 ). What is the connection between Nit1C and cyanide utilization? To determine the connection between Nit1C and cyanide utilization, several of the encoded proteins were subjected to comparative analysis by examining annotated motifs and domains (sample size, n=53) and similar proteins with known functions, ligands, or cofactors. One of the more pointed comparative results was for NitD, annotated as a radical SAM enzyme. This group of enzymes catalyzes a plethora of biochemical reactions, with the key feature being the production of a radical species achieved by reductive cleavage of SAM mediated by bound [4Fe-4S] + clusters [48, 49] . Organization of the iron-binding cysteines among these enzymes has proven useful in assigning functionality. NitD proteins contain two such motifs, with 100 % conservation of the cysteine residues (Fig. S2) . One motif is located at the extreme C-terminus, which is uncommon for radical SAM enzymes, and contains a CX 2 CX 2 C sequence, which is also slightly different from the signature CX 3 CX 2 C sequence. The second motif (CX 9 CX 2 C) is located more toward the N-terminus and has thus far only been recognized in one other family of radical SAM enzymes, namely the elongation complex protein 3 (Elp3) [49] , which among six subunits is required for transcription elongation in eucaryotes but for which homologues also exist in procaryotes. While the intervening residues in the NitD CX 9 CX 2 C motif differ from Elp3 (Fig. S2) , we hypothesize that NitD may have a function that is related in some way to Elp, which has not only been shown to have a role in transcription, but also translation t [50] . Besides the cysteine motif relationships, there is another common feature shared between Elp3 and NitD. Located at the C-terminus of Elp3 is a GNAT domain [51] that is concurrent with the adjacent downstream nitE gene in Nit1C (which also encodes a GNAT family protein. GNAT enzymes typically catalyze the acetylation of N-terminal residues, with perhaps the most recognizable being the histone acetyl transferases [52] . In addition to being a functional subunit of the RNAPII transcription elongation complex and displaying detectable HAT activity, Elp3 has also been shown to catalyze the modification of wobble base uridines [5-carbonylmethyl (cm 5 )] in tRNA [53, 54] . A corollary to this are the established activities of two other radical SAM enzymes, namely MiaB, which catalyzes the thiolation and methylation of tRNA [55] , and RlmN, which facilitates the methylation of adenosine in 23S rRNA (RlmN) [56] . Thus, one hypothesis to help explain the molecular similarities between NitD and Elp3 is that NitD is also capable of modifying tRNA (or rRNA), necessitated, theoretically, by some unknown direct or indirect affect of cyanide on translation.
DISCUSSION
Pseudomonas fluorescens strain NCIMB 11764 (Pf11764) was isolated 35 years ago from cyanide-supplied enrichment cultures [3] . Subsequent to this a number of studies were 4 ]. ‡NÀ, nitrogen-free. §Nitrilase activity was measured spectrophotometrically by coupling its activity to NADH-dependent glutamate dehydrogenase activity as described in the Methods section. All bacteria were grown in glucose-containing minimal medium (except for C. eutropha H16, in which case fructose was substituted for glucose) and induced with cyanide (KCN, 0.25 mM). ||Existence of Nit1C inferred by sequenced PCR products of partial Nit1C DNA. ¶ND, not determined.
performed on Pf11764 that detailed how cyanide is degraded and assimilated [11-13, 45, 57] , but information on essential genes has not been forthcoming. From the sequenced genome [14] it was discovered that the Nit1C gene cluster was present in Pf11764. This was significant because it had earlier been reported that the conserved gene cluster was essential for growth on cyanide by Pps5344 [7] . In the present work, we provide evidence that the Nit1C cluster is also essential for cyanide utilization by Pf11764. It is significant that although Pf11764 and Pps5344 were isolated from two distinct geographical areas (the UK and Spain, respectively), a shared genomic feature is the presence of Nit1C. Indeed, the eight additional bacteria shown in this work to grow on cyanide (Table 2) share the same common feature. To further emphasize the uniqueness of Nit1C, among members of the P. fluorescens taxid for which the completed genomes are available [Pf11764, Pf0-1, SWB25, A506, F113 and Pf-5 (now classified as P. protegens)], only strain Pf11764 is capable of growth on cyanide, and, parenthetically, it is also the only member containing Nit1C. We draw special attention to P. xenovorans LB400 (originally keyed as Pseudomonas sp.) because of its historical distinction as being the first genetically engineered microorganism to be patented in the United States [58] . Thus, in addition to its well-publicized ability to degrade a host of xenobiotics [59, 60] , the ability to degrade cyanide can be added to the list. Because of the tight association demonstrated between Nit1C and cyanide assimilation, we believe there is sufficient justification to refer to such organisms as cyanotrophs; paralleling, in effect, use of the term diazotrophs to describe bacteria that are able to use molecular nitrogen as a sole nitrogen source.
In addition to growth on cyanide, all of the Nit1C-carrying bacteria contained elevated levels of NitC (nitrilase), the signature enzyme defining the cluster (Table 2 ). For Pf11764, not only was NitC induced under such conditions, but the transcript levels of the entire operon were elevated (Fig. 3) and a nitC knock-out mutant (LJ41) failed to grow (Fig. 5) . These findings parallel those described for Pps5344 [7] and, collectively, provide strong evidence for the linkage between Nit1C genes and cyanotrophic growth. A search of approximately 130 000 available genomes in the UniProtKB database revealed the presence of Nit1C in 270 different organisms limited to members of the domain Bacteria. Despite its rather sparse occurrence, the gene cluster is found in a diverse set of phyla, spanning Gram-positive Firmicutes and Actinobacteria, and Gram-negative Proteobacteria and Cyanobacteria (Figs 6 and S1 ). Interestingly, many examples of a single representative containing the cluster from a given taxon exist. This is analogous to our finding that Pf11764 represents the only example among members of the P. fluorescens taxid to contain the cluster. Remarkably, this is also the case for the P. putida taxid, for which our own isolate (P. putida BCN3) is the only example. This suggests that the cluster evolved in response to a particular environmental condition, with horizontal gene transfer probably playing an important role in gene acquisition. Consistent with this is its occurrence on a plasmid for almost 20 % of the Nit1C-harbouring a-proteobacteria.
A detailed analysis of the 270 different organisms containing Nit1C reveals essentially two patterns of gene organization (Table S2) . One pattern is found in proteobacteria, in which the cluster is transcribed as nitBCDEFGH. The second pattern is seen principally in the cyanobacteria, where nitH is located upstream of nitB with the rest of the genes following suit. The putative regulator, nitA, is located close to the structural genes of the cluster in 185 proteobacteria and firmicutes, but is completely absent in the actinobacteria and cyanobacteria. This parallels the rare occurrence of s 54 in the actinobacteria and its complete absence in cyanobacteria. The regulation of stress response genes, including nitrogen limitation, is typically s 54 -dependent [61] . Consistent with this for strain Pf11764 is a recognizable s 54 promoter located 84-to 68-bp upstream of the nitB transcriptional start site (+1), implying that expression of the gene cluster is indeed stress related (for which exposure to cyanide would surely qualify). Finally, a gene coding for a transglycosylase (TIGR04047) is found in some 147 clusters, mainly those of cyanobacteria, actinobacteria, a-proteobacteria, b-proteobacteria and a few g-proteobacteria, to which some significance will be attached later.
From an exhaustive analysis performed on the genomic occurrence of nitB in microbes it is apparent that the gene occurs almost exclusively within the confines of the Nit1C gene cluster (or remnants thereof). The sequence of NitB is highly conserved, as is evident from a sequence logo of NitB showing the conservation of amino acid residues at each position when all 276 NitB sequences are compared (Fig. S3) . Of the 158 amino acids in NitB, 26 residues are 100 % conserved across all 276 sequences (16.5 %). This implies that NitB has retained its functionality, although its exact function remains unknown. In summary, there is additional supporting evidence for a genetic linkage between Nit1C and cyanotrophy based on (i) the lack of the Nit1C genes among non-cyanide assimilating species, (ii) the high sequence similarity across all NitB sequences and (iii) the physical conservation of cluster genes that exists across 270 diverse bacterial genomes.
The basis of the essentiality of Nit1C in conferring the cyanotrophic phenotype is currently not understood. One possibility is that the gene cluster is needed specifically for nutritional nitrogen provision. Alternatively, it is possible that it plays no role at all in nitrogen provision, but instead provides some biochemical function otherwise required to make growth on cyanide possible. In the latter case, it is well recognized that the primary target of cyanide growth inhibition is respiratory oxidases (and other metalloenzymes) [62] , but cyanide can cause other potentially lethal effects. For example, it is well known to induce the formation of reactive oxygen species [63, 64] , and in combination with such species (H 2 O 2 ) has been reported to cause chromosomal breaks [65, 66] . These are just two examples of cyanide-inflicted harm, with other cellular biomolecules, such as RNA species, possibly also susceptible to damage. While a fuller understanding of the direct and indirect effects of cyanide is needed, we hypothesize that the stress imposed by cyanide may affect the vital process of translation. This line of reasoning is based on the similarities noted between the cluster-encoded NitD protein and Elp3 (also stress induced), with the latter having been shown to modify tRNA wobble uridines in addition to its primary identified function as a component of the eucaroytic transcription elongation complex [50, 54] . The similarities between the two are striking: (i) both are radical SAM enzymes, (ii) both contain the same CX 9 CX 2 C motif pattern for binding a putative iron-sulfur cluster and (iii) the architecture of Elp3, which includes a conserved GNAT domain at the Cterminus, has a counterpart in that the next gene downstream of nitD in Nit1C codes for a GNAT family protein.
It is reasonable to suppose, based on the annotations of Nit1C-encoded enzymes, that the cluster functions as a biosynthetic pathway, possibly for the purpose of synthesizing a novel base that eventually appears in tRNA (or rRNA). Along this line of reasoning, it is significant that across a large percentage of the 270 bacteria harbouring Nit1C, an accessory gene coding for a transglycosylase is also present (Table S2 ). This is noteworthy because some members of the transglycosylase family are responsible for inserting modified bases into their respective tRNA, rRNA and even DNA substrates [67] [68] [69] . Future research will address these ideas, as well as the question of whether the cluster has a more direct role in nutritional nitrogen procurement.
It has long been recognized that the ability to grow on cyanide as the sole nitrogen source is species-specific. The present research showing that Nit1C is a distinct genomic feature of cyanide-utilizing bacteria now provides a reasonable explanation for these observations. We hypothesize that the inception of the cluster may have occurred concurrently with the first appearance of cyanogenic plants (and certain insects) on Earth, dating back 400-500 million years. [1] . Accordingly, it seems reasonable to think that microbes located within near proximity to cyanogenic species may have acquired not only the means to subsist on cyanide, but to thrive on it, seeing that nutritional nitrogen is generally thought to be the key nutrient limiting bacterial growth [70] . On an evolutionary time scale, these events represent fairly recent occurrences, possibly explaining the absence of the cluster in the domain Archaea. That horizontal gene transfer probably played an important role in spurring the evolution of the cluster is further consistent with such timed events. Further research is sure to shed light on the many aspects of Nit1C's biochemical function and its evolution, with the prospect that many more cyanotrophs will be found.
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